A series of rare-earth-modified M-Ni 2 P/MCM-41 (M=Pr, Nd, Ce, La, Y) catalysts has been prepared by means of a temperature-programmed reduction method. The prepared catalysts were characterised by X-ray diffraction, N 2 -adsorption specific surface area measurements, X-ray photoelectron spectroscopy and CO uptake. The effects of rare earth metals on catalyst activity for hydrodesulfurisation (HDS) of dibenzothiophene (DBT) were studied. The results showed that the addition of rare earth metals increases the surface area and pore volume of the catalysts. Rare earth metals can promote formation of the Ni 2 P phase and induce a better Ni 2 P dispersion but they do not change the mechanism of HDS of DBT. Pr-Ni 2 P/MCM-41 exhibited the highest HDS activity. At reaction temperature of 300 °C, pressure of 3.0 MPa, hydrogen/oil volume ratio of 500, and weight hourly space velocity(WHSV) of 6.0 h -1 , the addition of Pr increased the conversion of HDS of DBT by 16.7%.
INTRODUCTION
Recently, increasingly rigorous environmental regulations have been introduced in many countries around the world to reduce sulfur in fuel oil to ultra-low levels and thus improve air quality [1] . It has been recognised that current commercial hydrodesulfurisation (HDS) catalysts are inadequate to meet the stipulated levels. The challenge of producing cleaner oil from increasingly lower quality petroleum feedstocks warrants the development of more effective HDS catalysts [2] . Transition metal phosphides are the most stable and active catalysts reported to date and are considered as a new generation of HDS catalysts [3, 4] . Ni 2 P has recently been reported as a novel catalyst with unique physical and chemical properties and has attracted considerable attention for its wide applications in HDS research. It shows the highest activities among all of the phosphides. Oyama et al. [5] reported that the catalytic activities of the phosphides for dibenzothiophene HDS at 643 K and 3.1 MPa followed the order Ni 2 P > WP > MoP > CoP > Fe 2 P. It is well known that rare earth metals (REMs) exhibit excellent physical, chemical, optical and electrical properties because they have unfilled 4f orbitals [6, 7] . They have been frequently www.prkm.co.uk selected as structural and electronic promoters to improve the activity, selectivity, and thermal stability of a wide range of catalysts [8] . Wei et al. prepared a series of La-modified Ni 2 P/SBA-15 catalysts and found that the addition of La increased the surface area and pore volume of La-Ni 2 P/SBA-15 [9] . The addition of CeO 2 was found to decrease significantly the particle size of Ni 2 P, resulting in an increased specific surface area and CO uptake [10] . MCM-41 has been recognised as one of the best supports due to its high specific surface area and pore volume as well as its uniform pore size distribution [11] . The results obtained in our previous research [1, 12, 13] indicated that MCM-41 is also an excellent deep HDS support for loading Ni 2 P. Recently, our group has reported that the HDS performances of Ni 2 P/MCM-41 can be substantially improved by the addition of a small amount of TiO 2 [1] . An appropriate amount of TiO 2 can promote formation of the Ni 2 P phase and induce a better dispersion of Ni 2 P. The REMs possess some properties similar to those of TiO 2 , such as forming reducible metal oxides and interacting strongly with dispersed transition metals [14] . Therefore, it is reasonable to infer that REMs might also serve as promoters for the Ni 2 P/MCM-41 catalyst. However, few studies have been published on the influence of REMs on the structure and performance of Ni 2 P HDS catalysts. In our previous work, we prepared Ni 2 P/MCM-41 catalysts and investigated the effect of TiO 2 on their catalytic properties for HDS [1] . In this study, a series of M-Ni 2 P/MCM-41 catalysts were produced by the addition of La, Nd, Ce, Y and Pr. The effects of these REMs on the structure and performance of the M-Ni 2 P/MCM-41 catalysts were investigated. 
EXPERIMENTAL

Materials
Preparation of catalysts
Siliceous MCM-41 was synthesised using tetraethyl orthosilicate (TEOS) as the silica source and cetyltrimethylammonium bromide (CTAB) as the template, following the procedure as described in the literature [15] . The supported Ni 2 P/MCM-41 catalyst precursor with an initial Ni/P molar ratio of 1/2 was prepared by a standard incipient wetness impregnation of ammonium phosphate [(NH 4 ) 2 The mixture was stirred for 30 min while evaporating to dryness. The resulting solid was further dried at 100 °C for 10 h and calcined at 500 °C for 2 h. The precursors were reduced in a fixed-bed reactor by heating from room temperature to 100 °C at a rate of 1 °C min -1 , in a flow of H 2 (200 mL min -1 ), further heating to 650 °C at a rate of 3 °C min -1 , held for 2 h, then cooled naturally to room temperature in a continuous H 2 flow. The catalyst obtained was passivated in an O 2 /N 2 mixture (0.5 vol. % of O 2 ) with flow rate of 20 mL min -1 for 2 h. The catalysts obtained were named M-Ni 2 P/MCM-41, in which M refers to the REMs.
Characterisation of catalysts
X-ray diffraction (XRD) analyses of the samples were carried out on a D/max-2200PCX-ray diffractometer using CuK α radiation and settings of 40 kV, 30 mA and a scan range from 10° to 80° at a rate of 10° min -1 . The typical physico-chemical properties of supports and catalysts were analysed by the BET method using the Micromeritics Adsorption Equipment NOVA2000e. All samples were outgassed at 200 °C until the vacuum pressure was 6 mm Hg. The adsorption isotherms for nitrogen were measured at -196 °C. Irreversible CO uptake measurements were used to titrate the surface nickel atoms and to provide an estimate of the active sites on the catalysts [4, 16] . Uptakes were obtained after passivation and re-reduction. They were obtained by pulsing calibrated volumes of CO into an He carrier. Usually, 0.2 g of a passivated sample was loaded into a quartz reactor and pretreated in H 2 at 400 °C for 3 h. After cooling in He, pulses of CO in a He carrier at 40 cm 3 (NTP) min -1 were injected at RT through a sampling valve. CO Uptake of CO was calculated by measuring the decrease in the peak areas caused by adsorption in comparison with the area of a calibrated volume. The X-ray photoelectron spectroscopy (XPS) spectra were acquired using an ESCALAB MKII spectrometer under vacuum. XPS measurements have been performed using monochromatic Mg K α radiation (E=1253.6 eV) and equipped with an hemi-spherical analyser operating at a fixed pass energy of 40 eV. The recorded photoelectron binding energies were referenced against the C 1s contamination line at 284.8 eV.
Catalytic activities
The HDS of DBT was carried out in a flowing high-pressure fixed-bed reactor (9 mm in diameter and 300 mm in length) using a feed consisting of a decalin solution of DBT (1 wt.%). The conditions of the HDS reaction were 280-360 °C, 3.0 MPa, WHSV of 6.0 h -1 and hydrogen/oil ratio of 500 (v/v). Prior to reaction, the passivated catalysts were activated in situ with flowing H 2 (30 mL·min -1 ) at 650 °C for 2 h. The temperature was then decreased to the reaction temperature. The progress of reaction was studied by collecting liquid samples after 2 h at the desired reaction temperature. The liquid samples, which mainly contain the formed biphenyl (BP) and cyclohexylbenzene (CHB), were collected and analysed by FID gas chromatography with a GC-14C-60 column. Turnover frequency (TOF) values of the samples containing nickel phosphide were calculated using Eqn (1) [17] :
where F is the molar rate of DBT fed into the reactor (μmol s -1 ), W is the weight of catalyst (g), y is the conversion of DBT (%), and M is the mole fraction of sites loaded which is determined by the CO uptake.
RESULTS AND DISCUSSION
XRD
In order to study the effects of different REMs on the formation of crystalline phases in the catalysts, the XRD patterns of Ni 2 P/MCM-41 and M-Ni 2 P/MCM-41 (M=La, Nd, Ce, Y, Pr) samples were measured (Figure 1 ). The crystallite sizes (d XRD ) calculated using the Scherrer equation are listed in column 5 of Table 1 . All of the patterns show a broad feature at 2θ=23° due to the amorphous nature of mesoporous MCM-41 [18] . For all catalysts, the peaks at 2θ=40.6°, 44.5°, 47.1°, 54.1°, and 54.8° (PDF: 03-0953) can be ascribed to Ni 2 P. No other obvious characteristic diffraction peaks of Ni 2 P or REM species are observed, indicating the formation of a pure Ni 2 P phase and that the REMs exist in non-crystalline forms or their concentrations are too low (0.5 wt. %) to be detected. It can be seen from column 5 in Table 1 that the REM-modified M-Ni 2 P/MCM-41 catalysts exhibit apparently broadened diffraction peaks for Ni 2 P, indicating highly dispersed Ni 2 P nanoparticles in these catalysts [19] . Moreover, the average sizes of the Ni 2 P crystallites in Pr-Ni 2 P/MCM-41 and Y-Ni 2 P/MCM-41 were estimated to be about 16 nm and 15 nm, respectively, i.e. much smaller than that in Ni 2 P/MCM-41 (27 nm). In comparison to Ni 2 P/MCM-41, all of the REM- www.prkm.co.uk modified samples have smaller Ni 2 P crystallite sizes. This indicates that the addition of REMs promotes the formation of highly dispersed smaller Ni 2 P particles in the catalysts.
Textural properties
The BET surface areas and pore size of the catalysts were measured by N 2 adsorption and are listed in Table 1 . Compared with the MCM-41, all of the catalysts have lower specific surface areas (S BET ) and smaller pore diameters (D). This can be ascribed to the MCM-41 support being blocked by Ni 2 P particles which hamper the access of gas molecules [20] . Furthermore, the BET surface area and pore volume of Ni 2 P/MCM-41 were measured as 145.4 m 2 g -1 and 0.118 cm 3 g -1 , respectively. All of the REM-modified M-Ni 2 P/MCM-41 catalysts exhibited higher surface areas and pore volumes than Ni 2 P/MCM-41. Among them, La-Ni 2 P/MCM-41 and Pr-Ni 2 P/MCM-41 showed the highest surface areas and pore volumes. It is also noteworthy that the average pore diameters of all of the M-Ni 2 P/MCM-41 catalysts were smaller than that of Ni 2 P/MCM-41. Apparently, the addition of REMs significantly decreases the particle size of Ni 2 P, resulting in an increased specific surface area. This result is consistent with the findings from XRD analysis.
CO uptake
CO uptakes by the catalysts, measured at room temperature, were used to estimate the number of metal sites. The measured CO adsorption capacities are presented in column 3 of Table 2 . In addition, metal site densities (column 5 of Table 2 ) were calculated according to the literature [17, 19, 21] . The CO uptake of the Ni 2 P/MCM-41 catalyst was 15.1 μmol g -1 . All of the M-Ni 2 P/ MCM-41 catalysts showed higher CO uptakes than this. As expected, CO molecules mainly adsorb on Ni sites and the amount of CO molecules adsorbed on P sites may be very small [1] . The results imply that the amount of exposed nickel on M-Ni 2 P/MCM-41 is comparatively higher than that on Ni 2 P/MCM-41, which is supported by the metal site density data. Indeed, the metal site density of Ni 2 P/MCM-41 is much lower than that of M-Ni 2 P/MCM-41. This is also supported by the results obtained by applying the Scherrer equation, which indicate that M-Ni 2 P/MCM-41 catalysts contain smaller and better Ni 2 P dispersion. Among all of the tested M-Ni 2 P/MCM-41 catalysts, Pr-Ni 2 P/MCM-41 showed the largest CO uptake, at least twice as high as that of Ni 2 P/MCM-41. This may be attributed to the highly dispersed Ni 2 P particles in Pr-Ni 2 P/MCM-41 and its higher surface area, as observed by XRD ( Figure 1 ) and BET analyses (Table 1) . Similar results were reported by Oyama et al. [11] , who found that supports with higher-surface areas gave rise to greater dispersion of the Ni 2 P phase and increased the CO uptakes. www.prkm.co.uk
X-ray photoelectron spectroscopy
The XPS spectra in the Ni (2p) and P (2p) regions for all of the catalysts are shown in Figure 2 , and the binding energies are presented in Table 3 . As shown in Figure 2 (a), all spectra were decomposed taking into account the spin-orbital splitting of Ni 2p 3/2 and Ni 2p 1/2 lines (17.5 eV) and the presence of satellite peaks at about 5 eV higher than the binding energy of the parent signal [22] . For all catalysts, bands at 852.7-853.1 eV and at 856.4-856.7 eV are observed, which can be assigned to the Ni δ+ species in the Ni 2 P phase and Ni 2+ species interacting with phosphate as a consequence of a superficial passivation, respectively [23, 24] . The bands centred at 860.8-861.2 eV can be assigned to the shake-up satellite [25, 26] . It is worth noting that the intensity of the Ni δ+ at 852.7-853.1 eV increases with the addition of REMs. This indicates that the addition of REMs promotes the formation of active Ni 2 P phase. As shown in Figure 2 (b), for as-prepared Ni 2 P/MCM-41 and M-Ni 2 P/MCM-41, the peaks centred at 128.8-129.3 eV can be assigned to P δ+ species in the Ni 2 P phase [22, 27] , and the peak at 134.0-134.5 eV can be attributed to phosphate (P 5+ ) due to superficial oxidation of the Ni 2 P particles [24] . It is worth noting that the P 2p binding energy corresponds to increases in the phosphide phase with the addition of REMs in the catalyst due to electron transfer from phosphide species to the added REMs. XPS analyses were also used to calculate the surface atomic ratios ( Table 3 ). The theoretical P/Ni ratio corresponding to the precursor materials was 2. However, all of the as-prepared samples exhibited P/Ni values greater than 2, indicating enrichment of P species on the surface www.prkm.co.uk of the samples. Compared with Ni 2 P/MCM-41, the P/Ni molar ratios of the M-Ni 2 P/MCM-41 samples were higher, showing that the addition of the REMs led to an enrichment of P on the surface of the samples. In addition, increased Ni/Si atomic ratios were observed for the M-Ni 2 P/ MCM-41 catalysts in comparison with Ni 2 P/MCM-41, indicating more exposed nickel on their surfaces. Figure 3 and Figure 4 show the conversion and selectivity, respectively, for the HDS of DBT over Ni 2 P/MCM-41 and M-Ni 2 P/MCM-41 (M=La, Nd, Ce, Y, Pr) catalysts at 280-360 °C, 3.0 MPa, a WHSV of 6.0 h -1 , and a hydrogen/oil ratio of 500 (v/v). Ni 2 P/MCM-41 showed a relatively higher TOF of 8.2×10 -3 s -1 compared to all of the REM-modified M-Ni 2 P/MCM-41 catalysts (column 4 in Table 2 ), and Pr-Ni 2 P/MCM-41, with a higher CO uptake value, showed the lowest TOF. This indicates the Ni sites just provide the initial active sites in the HDS reaction, which do not accurately represent the actual active sites. This is similar to the results obtained by Oyama et al. [5, 28] , indicating that the actual active phase is a nickel phosphosulfide produced during the HDS reaction. For all catalysts, the DBT conversion increases with the rise of temperature, and this trend is significant at low temperature (280-340 °C) but slows down at high temperature (360 °C). The DBT HDS conversions over Ni 2 P/MCM-41 and Pr-Ni 2 P/MCM-41 were 77.3% and 86.2%, respectively. The Pr-Ni 2 P/MCM-41 catalyst showed higher activity than Ni 2 P/MCM-41 or the other rare-earth-modified catalysts, which may possibly be ascribed to its higher surface area and smaller Ni 2 P particle size. The HDS activities of La-Ni 2 P/MCM-41 were found to be essentially the same as that of Ni 2 P/MCM-41, indicating little or no activating effect by these REMs. After repeated experiments, we could confirm that the HDS activities of Ce-Ni 2 P/MCM-41, Y-Ni 2 P/ MCM-41 and Nd-Ni 2 P/MCM-41 catalysts are slightly lower than that of Ni 2 P/MCM-41. A similar result has been reported for the Ni 2 P/SBA-15 catalyst [26] . Compared with the Ni 2 P/ SBA-15 catalyst, Ce-Ni 2 P/SBA-15 catalysts showed lower DBT conversion with increase of Ce loadings under the same conditions. www.prkm.co.uk
HDS activity
According to the literature [13, 29, 30] , the DBT molecule undergoes HDS via direct desulfurisation (DDS) and hydrogenation (HYD) by two parallel reaction pathways. For the DDS route, the main product is BP. For the HYD route, H4-DBT is first developed and then is quickly converted to CHB. For all of the samples, the yield of BP is much higher than that of CHB, indicating that DBT is mainly removed by the DDS pathway over the catalysts, which can be attributed to the DBT HDS reaction being structure-insensitive [19] . This is in accordance with the results of Egorova and Prins [31] . As reported in the literature [32] , there are two types of site in the Ni 2 P phase: the tetrahedral Ni(1) site; and the square pyramidal Ni(2) site. The Ni(1) site is likely to be involved in the DDS route, while the Ni(2) site is responsible for the HYD pathway in HDS. Hence, we conclude that the acceleration of the HYD pathway must be associated with good dispersion of the active phase, which is enhanced by the increasing number of Ni (2) sites. For M-Ni 2 P/MCM-41 catalysts, the selectivity for CHB increased with increasing reaction temperature during DBT HDS over all the catalysts, which may be attributed to more Ni(2) sites being exposed on the surface of the samples.
CONCLUSION
Ni 2 P/MCM-41 catalyst and a series of REM-modified M-Ni 2 P/MCM-41 (M=Pr, Nd, Ce, La, Y) catalysts were successfully synthesised by means of a temperature-programmed reduction method and the effects of the REMs on the catalytic properties for HDS were studied. XRD analysis showed that the addition of REMs significantly decreased the crystallite size of Ni 2 P and improved the dispersion of Ni 2 P. The addition of REMs also increased the surface area and pore volume of Ni 2 P/MCM-41. Upon addition of Pr, the surface area increased from 145.4 to 161.7 m 2 g -1 . CO uptake analysis confirmed that the amount of exposed nickel atoms on M-Ni 2 P/ MCM-41 is comparatively higher than that on Ni 2 P/MCM-41. The Pr-Ni 2 P/MCM-41 catalyst showed the highest CO uptake but the lowest TOF value. XPS indicated an enrichment in the amount of phosphorus on the surface of M-Ni 2 P/MCM-41 compared to Ni 2 P/MCM-41. The PrNi 2 P/MCM-41 catalyst shows the best DBT conversion, which can reach 82.4% at 360 °C with high selectivity of CHB. The addition of the REMs does not change the mechanism of HDS of DBT and DBT is still mainly desulfurised through the DDS pathway over all of the catalysts.
